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FOREWORD

This is an Interim Report on Contract FF33615-76-C-1198 covering the period
4 May 1976 to 4 November 1976. The research effort was performed in the Applied
Magnetics and Solid State Materials Research Branches of the Physical Sciences
Department. Dr. P. J. Besser is the Program Manager and Principal Investigator.
Other major contributors to the program for this interval and their areas of effort
are: Dr. D. M. Heinz, Materials Research, Dr. T. Kobayashi, Material/Device
Interface studies, and Dr. T. T. Chen, High Capacity Device Development.
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SECTION |

INTRODUCTION

The objective of this basic research effort is to demonstrate the feasibility of a
new technology for all solid state large data base memories for airborne ‘spaccehorne
applications. The program scope is limited to demonstrating the feasibility of the
device functions and bit density capabilities required to mect the system goals of
Table 1.

TABLE 1
Large Data Base Memory System Goals

Parameter Minimum Goals
Capacity . 1[!12 bits
Block Size 107 bits
Access Time to a Block 104 sec read/write
Reliability (Untended MTBF) 10 Hr
Volatility (Standby Retention Time) 1 year

| Volume 2 Cubic ft
Weight 120 Ib
Power 200w
In/Out Data Rate 5 x 107 Bits/Sec
Ambient Temperature Range (0 perating) 55%C to +125°C

It is the goal of this program to advance onc technology into development.  Based
on an evaluation of the present and potential capabilitics of candidate solid state
technologies to mecet the Table 1 targets, magnetic bubble domain technology has been
selected as the one to be pursued on this program.

The proposed approach makes usce of small bubble materials, sclf-biased materials
and devices, wafer level integration using hvbrid chip designs and fincline lithographic
techniques for device fabrication.  In this report interval,emphasis has been on small
bubble materials research and development (Section 2), analvsis of self-biased
structures (Section 3), sclf biased material device interface studies (Scetion 1) and
high capacity device design (Section 5). A conceptual study of a 1012 bit svstem is in
the early stages (Scection 6),




SECTION 11

SMALL BUBBLE MATERIALS

The first material development task on this program is the preparation of an
improved 1 um bubble composition. In order to establish a valid basis for the cvaluation
of this new material, it was decided to grow films with a target stripwidth of 2 um first,
so that a direct comparison could be made with previously developed 2 .m bubble
materials, Once an improved 2 um bubble composition was developed, the melt com-
position would be adjusted to grow 1 um bubble material., During the past half-vear,
three compositions have been evaluated for 2 um bubbles and one composition has heen
evaluated for 1 um bubbles.

The major material parameter requirement for the formation of bubble domains
is that the quality factor q be greater than unity, where ¢ is defined as

q = K /2m™_° ,

Ky is the uniaxial anisotropy and 4nMg is the saturation magnetization. A low value of
q (of about 2) permits spontancous bubble nucleation to occur (causing the loss of stored
information) in high gradient ficld regions, as beneath the permallov pattern elements
in a field-accessed device or beneath a drive conductor in a current-accessed device,
With increasing temperature, klsz decreases more slowly than K; so that ¢ decrceases.
FFor stable device operation at 500C, device studies have shown that a room temperature
q of about 4 is required.

In a garnet film with a thickness which is approximately equal to its bubble
diameter, the saturation magnetization increases with decreasing bubble size,  Four
m l)uhhlu materials have 47Mg values of 200 to 300 G, 2um bubble materials have
tMg values of 400 to 550 G and 1um bubble materials have 4nMg values of 600 to 500 G.
In order to retain ¢ values of 1 as we decreasce the bubble diame t( r, we sce from the
definition of q that the value of Ky must increase rapidly.  Thus, for 4um bubbles Ky
must be 6 to 14 K Erg ‘em?, for 2um bubbles Ky must be 25 to 18 K Erg em®, and for
1um bubbles Ky must be 60 to 100 K Erg ‘em3,  This calls for increasing Ky by a factor
of 3to 4 on going from currently used 4um bubble material to 2pum bubble material and
increasing Ky by a factor of 7 to 10 on going from 4um bubble m:um'ial to 1um bubble
material.

Ky may be introduced in epitaxial garnct films as a conscquence of: (1) the
inverse magnetostriction effect causc(l by stress between film and substrate due to
lattice parameter mismatch, KS w» and (2) chemical constituents and growth conditions,
KG,. Since l\('u may exceed l\\u by a factor of 10 or more, it is of primary concern
for increasing ¢. In a practical way, at prcscnl we are limited to a few guidelines for
controlling Ky in films that we g.,r‘m\' l irst, garnet films grown by liquid phasc cpitaxy
at lower temperatures have higher K¢ u due to the incorporation of Ph from the flux, and
hence must be grown with due lcgand lo film/substrate lattice parameter mismatch
considerations. (Pb is a large ion which expands the garnet lattice parameter to the
extent that it is incorporated into a film.) Second, Sm and Eu contribute to high lx‘(’u
while the spherical ions Y, lLa, Gd, Luand Ca act as diluents. Third, in a mixed rare
carth composition, the greater the difference in rare carth size, the greater the KU, And

fourth, KS; should be as large as practical and should be in a sense that is additive to l\'“u
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The small bubble compositions we have worked with in the past have been in the
systems (YSm)3(FeGa)50q2 and (Y EuTm)g(FeGa)5072.  Two pm bubble compositions in
these systems have Ky values in the range of 20 to 30 K Erg cm'i, ¢ values in the range
of 3 to 4 and Neel temperature values, Ty, in the range of 135 to 155°C, Since we
wanted a material with a higher Ky and a higher Ty, the first composition chosen was
Y1,85mg 2Erg oCag, gley 2Geg g012. The combination of Sm and Er was expected to
provide a high K4 as in the carly bubble composition (Eukr)g(l'eGa);012, and Ca-Ge
substitution was expected to vield a higher Ty than Ga substitution.

A melt of this composition was formulated and a number of films were grown.
During the growth of a series of films, the concentrations of Ca and Ge were changed
to investigate their influence on K. All of the films grown from this melt had Ty
values in the range of 205 to 2159C, an increase of 60 to 700C over previous values,
In most of these films with high Ca content, normal bubble genceration techniques for
matcrial characterization produced hard bubbles and valid collapse fields could not be
obtained. After ion implantation to provide hard bubble suppression, the static propertics
were measured. The Ky values were found to lie in the range of 7 to 33 K Ergs/cm®
with q values of 2.1 to 3.6, except one which had a ¢ value of 4.5, The K, and ¢ valucs
were lower than anticipated, being comparable to previously grown films.  We found
that all of the films were in compressive stress which caused l\"\Ll to subtract from KG .
This compressive stress mayv have been due to the presence of Er on octahedral sites,
In addition, these films exhibited high cocreivities,  Thus, it was concluded that this
melt formulation was not adequate for small bubble material.

In the interest of preparing 2 um bubble films with larger values of ¢, a sccond
melt formulation was investigated., Duc to the problem of high coercivity in the Ca-Ge
melt, it was decided to develop a Ga-substituted composition with suitable propertics
first, and preparc a Ca-Ge composition later to obtain the higher Tyn. The composition
sclected was Yo oSmg, 5Erg, 5°c;GeqOq2.  This formulation has a greater concentration
of rare carth ions than previously studied compositions, which should increase KG - and
q but decrease py, the wall mobilitv,  For preliminary small bubble device work,
however, a high ¢ is more important than a high

u
Byye

A melt of this composition was formulated and films were grown.  The higher
rarc carth concentrations in these films vielded slightly higher ¢ values of 3.1 to 5. 1,
altnough the film with the highest g was too thick (2. 40 um). Duc to the disappointingly
low vaiues of Ky from the Sm-Er films, work with this svstem was terminated,

In light of the large KUy values obtained in the past from the (Y BuTm)g(FeGa)50 9
and (YGATm)g(I'eGa);049 svstems, the third melt composition to be investigated on this
program was Yg_ oSmg, 5Tmg, 51'cy 1Gag 9O12. Here we have substituted the smaller
rare carth Tm in place of Er of the previous melt composition with the expectation of
a larger value of . For a stripwidth of 1.7 pum and a thickness of 1.7 um, this com-
position viclded Ky values of 25 to 60 K Erg ‘em3, ¢ values of 3.4 to 5.6, and 47Mg
values of 435 to 536 G.

Since these Ky values were the highest we have realized in 2pm bubble materials,
the melt was modified to provide 1pum bubble materials. For a stripwidth of 1. 0pum
and a thickness of 0.5 um, this composition yielded Ky values of 25 to 54 K Erg/em?,

( values of 1.7 to 2.8, and ImM _ values of 600 to 694 G.

PRSI




The primary objective in the materials investigation was to produce films with
the desired properties as quickly as possible. In order to adjust the stripwidth to meet
device tolerances, it was usually necessary to make several additions to the melt after
its initial formulation. As a result, films were often grown at a rapid rate from a melt
with a low or a high Ry (iron to rarc carth ratio), so that the ultimate properties for
the nominal composition were not attained. Improved film properties should result from
reformulated melt compositions which have preferred values of Ry and normal growth
rates,

In characterizing small bubble materials, measurement of the collapse field
becomes very difficult because (1) contrast is poor and the image is fuzzy so that it
is hard to see when a bubble collapses, and (2) the strip splitter on our characteri-
zation station is unable to cut the domains of materials with high 47Mg and high K.
It has, therefore, been necessary to employ a characterization technique which is
much more subjective than measuring the collapse field: The bias field is increased
slowly until smooth contraction of the stripes ceases.  (Repeating this procedure several
times gives some confidence to the technique but it has considerable uncertainty.) This
value of the bias ficld, Hpjag, iS used in conjunction with the ratio of the period at zero
bias, P,, to the film thickness, h,to obtain 47Mg from a plot of Hyjas 47Mg vs Py’h
(Ref 1). Following ion implantation, a few bubbles were often found which were used to
make collapse field measurements; however, this tvpe of bu! ble (generated during ion
implantation) is not always tvpical of bubbles formed in a more conventional way.  When
a spatial filtering station (Ref 2) for small bubbles has been assembled, we will be in a
better position to provide reliable characterization data on small bubble materials.




SECTION 111

ANALYSIS OF SELF-BIASED STRUCTURES

One accomplishment which would aid the success of this program is the
development of self=biased deviees which operate reliably over an extended tempera-
ture range. To this end, temperaturc-stable self-biased films must be grown first.
llowever, the specifications described in previous articles for growing such films
scem to be somewhat crude, since many of the films grown thereby tend to be under-
biased. It is thus felt that for successful growth of temperature-stable self-biased
films for small bubbles a better understanding of the basic physics of self-biasing is
necessary. Accordingly, we have carried out an extensive analysis of self-biased
structures which will be discussed in this Section.

3.1 INTRODUCTION

Liu, ct al (Retf 3) first proposed the idea of internally supplving an effective bias
ficld to stabilize magnctic bubbles via capping domain walls formed at the interface of
a bubble film and an additional laver which is exchange-coupled to the bubble film and
permanently magnetized opposite to the bubble magnetization,  They demonstrated partial
replacement of the bias field using an orthoferrite-metal double-laver structure.  Double-
laver epitaxial garnet films having capping walls were grown by Bobeck, et at (Ref 4)
in conjunction with their work on hard bubble suppression, later, Uchishiba, et al
(Refs 5 to 7) grew double-laver epitaxial garnet films with their material parameters
adjusted to tull sclf-biasing and demonstrated operation of bubble devices without an
external bias field.

Lot us bricfly review the basic theory of the self-biased structure to understand
its basic mechanism. Consider a double laver film as shown in FFigure 1. If the bottom
laver (laver 1) has an extremely high anisotropy field, Hgq (> 47Mg of cither laver),
then, once saturated in one direction, it will remain saturated until a ficld higher than
I is applied in the opposite direction”,

A

LAYER 2

LAYER 1

S S S S S S S S, s

Iigure 1. Double Laver Self-Biased Bubble Domain Structure

A nuclcation field is in general much smaller than Hgg at the edge of an as-grown wafer
or of a sample mechanically cut from a wafer. However, it can be made as large as Hgy
by chemically etehing off the edges (scee Section 1V),
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One accomplishment which would aid the success of this program is the
development of self=biased devices which operate reliably over an extended tempera-
ture range. To this end, temperature-stable self-biased films must be grown first.
lHowever, the specifications described in previous articles for growing such films
scem to be somewhat erude, since many of the films grown thereby tend to be under-
biased. It is thus felt that for successful growth of temperature-stable self-biased
films for small bubbles a better understanding of the basic physics of self-biasing is
necessary.  Accordingly, we have carried out an extensive analysis of self-biased
structures which will be discussed in this Section.

3.1 INTRODUCTION

Liu, ct al (Ref 3) first proposed the idea of internally supplving an cffective bias
ficld to stabilize magnetic bubbles via capping domain walls formed at the interface of
a bubble film and an additional laver which is exchange-coupled to the bubble film and
permanently magnetized opposite to the bubble magnetization.  They demonstrated partial
replacement of the bias field using an orthoferrite-metal double-laver structure.  Double-
laver epitaxial garnet films having capping walls were grown by Bobeck, ot at (Ref 4)
in conjunction with their work on hard bubble suppression.  Later, Uchishiba, et al
(Refs 5 to 7) grew double-laver epitaxial garnet films with their material parameters
adjusted to full self-biasing and demonstrated operation of bubble devices without an
external bias field.

L.ct us brieflv review the basic theory of the self-biased structure to understand
its basic mechanism. Consider a double laver film as shown in Figure 1. If the bottom
laver (laver 1) has an extremely high anisotropyv field, Hgq (> 47)Mg of cither laver),
then, once saturated in one direction, it will remain saturated until a ficld higher than
Hiq is applied in the opposite direction®.
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LAYER 2

LAYER 1

S S S S S S S e

FFigure 1. Double Laver Self-Biased Bubble Domain Structure

“A nucleation ficld is in general much smaller than Hgg at the edge of an as-grown wafoer
or of a sample mechanically cut from a wafer. However, it can be made as large as Hiq
by chemically etehing off the edges (see Sceetion 1V).
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Under these conditions, a bubble domain in the top laver (laver 2) will be capped
with a domain wall at the interface of the two lavers. Then, a bubble domain with
diameter, d, in layer 2 of thickness, h2, and saturation magnetization, Mgy, has the
cnergy of the form

1 2 - L. 2
e T 3 M, “B d h2 Hdhz w2 = Enp T d w12

()

where Hp, o9, and oy12 arc the external bias ficld, the wall cnergy density of laver 2,
and the energy density of the capping wall, and Ey; is the magnetostatic energy of the
bubble. Note the same dependence on d of the first term (Zeeman encergy) and the last
term (capping wall encrgv).,  Taking the partial derivative of Eq with respect to d viclds
the foree stability condition

fo “‘ £1%) i
A e LopciEttag =19 o

where F(d hg) is the Thiele force function, (Ref 8) 79 = oo '»l".\lsgz and

{12 = oy 12 /47Mgo® It is scen from Eq (2) that the capping wall encrgy provides a
normalized effective bias ficld of magnitude 12 2hs.  In order for this structure to
support stable half bubbles, the wall encrgy density of laver 1, oy.1, must be higher
than that of laver 2, o9, since otherwise the capping wall will penetrate into layer 1
and eventually punch through from the laver 1/laver 2 intervtace to the substrate., Under
the condition 047 = 09, the capping wall forms inside laver 2 and its energy density is
assumed equal to that of laver 2, (Ref 5, 6, 7, and 9) i.¢., 519 = oyo. Thus, dropping
the suffices, the normalized effective bias field, H.pp 47Mg may be written as ¢/2h,

It should be noted that if an additional biasing laver is placed on top of the bubble
supporting laver of Figure 1, the biasing power is exactly deubled.  Thus, the effective
bias field can be writtin in more general form as

“('ff b )
T 2h (3)

s
where b = 1 for the "single-bhiased” casc and b = 2 for the "double-biased' case. This
relation is plotted in Figure 2 for the single biased case (b -~ 1) along with the babble
stability range as a function of h'c. It can be scen [rom Figure 2 that full sclf-biasing
can only be achieved for 2.5 =~ h// = 3.

The implications of the above discussion are that the properties of the self-biased
bubble depend strongly upon those of the capping domain wall. Curiously enough, however,
the nature of the capping wall has not heen discussed in the literature,  Obviously, the
structure of the capping wall is of “head-on™ tvpe,  As a conscquence, its cnergy,
thercfore, its biasing cffect might be appreciably different from that of the 180 deg
wall of Block tvpe. 1In fact, there are some experimental results that may be attributed
to this. lFor example, double laver films grown according to the above specifications
(i. .y assuming 7y 12 = 7y2) tend to be underbiased (Ref 530 Thus, it is felt that in
order to successfully grow temperature-stable self-bhiased tilms, the nature of the
capping wall should be studiced Lirst,

In the following section, we will look into the structure of the capping wall and
derive its wall encrgy,  On the basis of this analvsis, we will then discuss the conditions
under which sclf-biased bubbles can be stabilized,
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Figure 2. Stability Condition for Sclf-Biased Bubble Domain
3.2 STRUCTURE AND ENERGY OF THE CAPPING WA LL

Itis scenfrom Figure 1 that the capping wall is of the head-on type. Since the bubble
is a cvlindrical domain, the capping wall must have a radial symmetry, This means
that the component of the magnetization veetor in the plane of the wall varies its direction.,
As long as the thickness of the wall is small compared with the radius of the bubble,
however, the exchange energy associated with this angular variation is negligible, It
is also suggested that the capping wall has some curvature (Ref 4).  This is presumably
duc to a strong radial strav ficld at the edge of the bubble where the capping wall must
be smoothly connccted to the vertical wall.  The effect of this radial strayv ficld scems
to be to incerease the thickness of the capping wall. Thus, the wall curvature mav be
more appropriately termed as radial thickness variation.  In anv case, however, its
cffeet mav be neglected again as long as the radius of the capping wall is much larger
than its thickness, Thus, in view of the fact that the capping wall is formed inside
laver 2, the capping wall may be approximated by a head-on domain wall in an infinite
medium as shown in Figure 3, in which the casy axis is coincident with the 7 axis
(Mz =% Mg at z and the wall lies in the xv planc,  As discussed above the variation
of the magnetization vector in the xv plane is neglected and its 7 component, Mg cos €,
is assumed to depend only on 2.

Under the above assumptions the cnergy per unit arvea of the wall is the sum of the
cxchange, anisotropy, and magnctostatic encreics and given by

f A\(i'g-) + Ky SinZ e + 2“.\th ('osz() dz (hH
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I'igure 3. Model for Capping Wall Structure
where A and K are the exchange and uniaxial anisotropy constants, respectively. It
is noted that the integral does not have a finite value since the magnetostatic energy is
2".\152 at z = + o, However, this infinite value of the magnetostatic energy is not a
problem at all. This point can be made apparent by rewriting the last term of Eq (4
as 2mMg“ (1 - sinZg), Equation (4) then becomes

& p

2 9 2. ¢
gl = / .»\(—d,0 ) } (I\' - 277:\]“_) sin“@ + 2nM 2 dz (5)
! dz u S S
=0

Obviously, it is the last term that makes the wall energy infinite. The last term, which
is independent of the magnetization distribution of the wall, is the magnetostatic energy
of a uniformly magnetized medium. In our double laver film for which 7 is terminated
at the surface, this magnctostatic energv of course has a finite value and corresponds
to the demagnetizing energy of the film.  Formation of bubble or strip domains greatly
reduces this energv. In other words, going from the infinite medium of Figure 3 to

the finite medium and finite domain size of Iigure 1, this cnergy is carried along in

the form of the magnetostatic energy of the bubble.  Conscquently, the capping wall
cnergy can be defined as

L 2 2 )
w1z / l\(%f—) : (l\'u - 2~.\IS“) sin“6 | dz (6)

0
Note that Eq (5) has the same functional 1'03'111 as that of the energy of the simple 1530 deg
Block wall with Ky replaced by K - 2rMg~. Thus, the minimization condition vields

Nl s
w12 1 ‘/71\ (Ky - 2mMg“)

L il
Tw? (1 5 a )
” c /e 2
where oo = 4 /A K, and q = K,/2mMg
It should be noted that the capping wall energy is smaller than the evlindrical domain
wall energy by a factor (1 - 1/q) ’2.
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Now the offeetive bias ficld should be modificed to include the above factor. Ience

Heet _ b2 . 1. 1/2 £
EreM 2h ( _q) )

S
The implication of this result is twofold, First, the cffective bias field is reduced by
the factor (1 -1 /q)l 2 c.g., 10 percent for =5, This probably explains the tendency
of many films grown under previous specifications (assuming g - ) Lo be underbiased,
Secondly, this factor gives rise to an additional temperature dependence. Thus the static
stability and temperature dependence of sclf-biased bubbles must be reconsidered on
the basis of this new result,

3.3 STABILITY OF SELF-BIASED BUBBLES

The offective bias field given by Eq (7) is plotted in Figure 4 for the single-biascd
case (b = Hfor q= = and =4, For q —w, the cfrective bias field is unchanged from
the simpler expression, kg (3). For g - 10, however, the full biasing condition is
considerably different. For q = 4, for example, the range of h’/ for stability is
hetween 2. 25 and 2. 7. In practice, both ¢ and g are temperature dependent, making
the stability range even narrower. In the following, we discuss stability conditions for
sclf-biased bubbles with temperature.

The stability equation for the sclf-biased bubble is

¢ . d |nbs 1\ 1/2 . qd :
R ("q) i (h)" . (&)

If we use Callen and Joseph's approximate expression (Ref 10) for the magnctostatic
force term, I (d/h), we can solve Eq (8) for the bhubble diameter as a funetion of « and

4, i.e., ST, SR e e e i
2 2
d 'K; 2/ h IJ* (»l 1 T R B Y 9

h 3ab _l‘_
i ( h )

/
/ 2 . 3 . S ’
where a = (1 - 1,(“1 2 and b is the number of capping walls per bubble.  This relation

is plotted in Figure 5 with ¢ as a parameter for b = 1 (single-biased) and b = 2 (double-
bhinsed).

Lot us look at the single-biased case first. 1If ¢ is constant, d varies with « along
a solid line with constant ¢, e.g., line BA for g = 10 or line DC for q = 4. On the other
hand, if ¢ is constant, d varies along a vertical line, e.g., line DI or line Ak, 1
both ¢ and ¢ vary, d will exhibit a cemplicated locus.  For example, if q varies from
10 to 4 and ¢ ‘h varies from 0.414 to 0.353, d’h will follow locus AD.

In order to obtain a real feeling as to how the bubble diameter varies with ¢ and
e Gl
q, we have tabulated d- T B in I'able 2 for various loci assuming the temperature
& = . O g o o i &
variation is from 0°C to 50 C for hoth the single-biased and the double-biased cases.
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Let us now discuss what the optimam material parameters would be for temperature-

stable sclf-biasing. Consider the single biased case first,  For h’ = 2.5, the stable
bias ficld range is ~0. 07 x 47)Mg. Thus, for 47Mg =300 G, the stable bias field ronge
is about 20 Oe. In a field accessed bube doviee, typically the elements of the
permalloy overlay provide a nega ive bias ficld of 10 Oc.  Thus, if the self biasing
condition is *Fosen such that frec hubbles a e offectively biased ia the vicinity of their
collapsc (along line AC ir Figures 2 and 5) the negative ficld from the permalloy
overlay will bring the trapped bubbles it o the middle of the stability range.  If 47)\g
is considerably higher than 300 G, i. ., if the stable bias range is considerably wider
than 20 Oe, the above condition will produce overbiasing. In other words, a negative
bias ficld from the elements of the permallov overlay will not be sufficient to bring
trapped bubbles into the midpoint of the stability range, In this casc, the biasing
condition should be chosen such that free hubbles are offeetively biased along a line
nearly parallel to line AC but somewhat inside the stability range, A\ similar
situation is encountered in the double-biased case where the stable bias range is wider
{~0.1 x $7Mg instead of ~ 0.07 x 17Mg). Nevertheless, choosing the material

parametce s so as to follow the collapse line is extremely usceful for determining the optimum

temperature coefficients of ¢ and ¢, since they are unchanged as long as the matervial
parameters follow a line parallel to line AC,  Thus, let us assume that the material
paramecters are chosen to follow the collapse line AC,
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Temperature Variation of Bubble Diameter (Calculated from g 9)

TABLE 2

ar 'y dy
Locus q (%/°C) Oth (%/°C) d/h (%/°C)
g ] .5 I A 3 R (!
A-~8 l 10 ’ 0 0.414—»0.340 0.39 1.68 —»4.17 1.70
C=0 | a 0 0.431-»0.353 0.40 1.76 —= 4.38 71
| ‘
R—iE ’ 10 =4 J 1.7 0.414 0 1.68 — 2.62 +0.87
E
F—=D | 104 [ 47 0.353 0 345 —» 377 +0.18
|
|
!
A-=D | 10-=~4 E A 0.414»0.353 0.32 1.68 —= 4.38 +1.78
|
|
B-=C | 10 =4 | an 0.340- = 0.431 +0.47 4.17 —=1.76 1.63
|
A-»C | 10=4 an 0412 ~0.431 +0.08 1.68 —»= 1.76 +0.09
P e oml
A~ =B 10 0 0.295 - 0.245 0.37 119 —=2.85 +1.64
¢ w0 4 0 0.310-+0.256 0.38 128 —= 3.00 +1.66
A—=E | 104 1. 0.295 0 119 —» 1.93 +0.95
FosD' | 10-=4 AT 0.256 0 2.54 —» 3.00 +0.33
|
|
A =D | 10=4 an 0.295=0.256 0.28 1.19 —= 3.00 .3
B = C | 10 »~4 an 0.245-=0.310 10.47 285 =~ 1.24 157
1
|
1
AwC | 10=4 an 0.295-=0.310 +0.10 119 =124 +0.08
s e e BN Y SR BT
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The material parameters to meet the above condition can be obtained by solving
Eq (8) for the point of bubble collapse. The results ar

a8 /3:11)
(—2' : T) £ \/ B

(10

o, . A (1—‘) - (:) : 1—) (11)
h 3ab { 3 ab
where d, is the collapse diameter of the self-biased bubble.  Equation (11) is plotted
as a tunction of 1/q in Figure 6 along with h/¢ which is the reciprocal of Eq (10). As
can be seen from Pigure 6, the diameters (tuned to free bubble collapse) do not vary
appreciably for reasonable variations of . FFor example, thev increase less than
20 percent over 2 < q < «.

The temperature cocefficients of ¢ and ¢ to satisfv the above condition (10) can be
obtained by differentiating it with respect to T. The result can be written in the form

bp = (‘h Aoy (12)
where
e S
s SR SR
= _] ()(I
A 5 BT

and .
Fon
2 ’ [3ab 9 3 3b 1
c l“"’ BYF -Fo 3 Vm | (@) :
b 5 3 3 STk (13)
2¢ (ul) - 7;) (nb e o __7_)

The coefficient Cyy is plotted in Figure 7 as a function of 17g.  Of course, ¢ is related to
! through Eq (10j, which we have plotted in Figure 6, It is scen from Figure 7 that {p ]
and ¢ must have opposite signs and that | {0 must be less than two tenths of | (.,
for q > 2. l

Thus, we have established a more rigorous physical basis upon which sclf-biased
films can be prepared.
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SECTION IV

SELF-BIASED MATERIALS AND DEVICES

In the preceeding scction we have derived @ more rigorous expression for the
effective bias field of the self-biasced structure. On the hasis of this we have discussed
conditions for temperature-stable self-biasing. During the next six months we will grow
self-biased films according to the specifications we have derived and examine their
validity.  In the meantime, however, several film samples designed to support self-
hiased bubbles of ~1 pm diameter have been grown on a company IR&D program. [t
was decided that an evaluation of these films using conventional 16 m period device
structures would be carried out on this program to provide baseline data from which
to devise small bubble self-biased compositions and to design improved propagation
structures.

Previous studies in Japan (Ref 6), which were confirmed in our laboratory, showed
that it is necessary to isolate arcas of the self-biased film in such a fashion that there
is no residual damage to the edges of the biasing laver. Unless this is done
one cannot achieve a stable saturated (single domain) state in the bias layer. Several
processing methods were considered and candidate approaches were selected for
evaluation.

An experiment was conducted to determine if the required isolation of islands
(device areas) of the magnetic garnet film could be acuieved solely by chemical etching
rather than by mechanical sawing followed by a damage removal eteh. A wafer with a
single film of normal bubble domain material was coated with ~1 =m of sputtered SiO,,.
A grid pattern of "streets and avenues' was then opened in the SiO, layer by conventional
photolithographic techniques. This left a pattern of SiO» islands on top of the garnet
film. The wafer was then etched in hot phosphoric acid using the SiO, as an etch mask.
Many of the garnet film islands formed by this technique can be placed in a saturated
(single domain) state so that this approach should indeed he suitable for use with the
double layer self-biased films.  An example of the garnet film island formation des-
cribed above is shown in IFigure 8. In this photograph it can be seen that one of the
islands is in a saturated (single domain) state and the other one is in a demagnetized
(multidomain) state. The double and triple layer film samples in which we hoped to
obtain self biased bubbles of 4 pm diameter for device evaluation have been etehed in
the same fashion.

Difficulties in characterization of self-biased films have arisen and the sources
of problems analyzed. The procedures used for single layver films rely on measurement
of film thickness (h), zero field stripwidth (w), collapse field (I;) and Neel Temperature
(Tx). For the samples shown later in Table 3, the bubble material film thickness is
only about 2 to 3 times the biasing layer thickness. Hence, normal optical spectro-
photometer measurements cannot be used to extract the separate laver thicknesses.
Measurement of bubble collapse presents no real problems, except that the theory
must be modified to include the effective field from the biasing layers. Measurement
of zero [ield stripwidth will not vield the usual information because of the hiasing
layers. Finally, one can readily measure Ty for self biased layers, but in the case

of such films, h, w, IH,, and Ty will not yield g as it does for single layer films.
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Figure 8. Islands of Garnet ¥Film Isolated by Chemical Etching

One can see both how the problem arises and the solution to the problem by the
following theoretical considerations. Suppose we have measured h by progressively
measuring the film thickness as the composite structure is grown. Now for single |
layer films, one would next measure w which leads, with the known value of h, to the |
value of /. This can be done because the total energy per unit area for an array of '
stripe domains is given by

. I R
Eop W D (14)
where Eyy is the wall energy, li” is the Zeeman energy and Iin is the demagnetizing

energy.

Minimizing E.. for a single layer film leads to the analytic result relating /, w
and h. The problem in the case of the biasing layer arises from the need to include
another wall energy term. The net effect is to add a term to the total energy which is
an effective field (ulw“,/lhA\IS) where @ and b have been defined in the previous section.
We can use the Kooy and Enz (Ref 11) results by simply replacing Hy, in their equations

zll)n“ i . ' . ab T :
by (H” - Z_hit) . The net result is that if we apply a field ”eff _Th_\-I: which

cancels the hiasing effect, we can use the Fowlis and Copeland results (Ref 12) to
caleulate ¢ from w and h. The collapse field (H), £, h and Mg are related by




TABLE 3
Characterization Data on Multilayer Films

Sample No. D-28 Ten:;; = 0°c zsbc 50°C
h (um) 1.14 1.14 1.14

w (um) 6.15 4.50 465

Hy (0¢) 87.5 83 75

l 2 (pm) 0.64 0.53 0.54
a7 M(G) 233 219 198

a,, (erafem?) | 0.28 0.20 017

2/2h 0.27 0.22 0.23

Hogg/0TM, | 0.27 0.21 0.21
Sample No. D 27 Temp 0°c 25°¢ 50°C
h(um) 1.20 1.20 1.20

w(um 5.06 4.00 3.33

H, (0e) 75 70 65

2 (1m) 0.58 0.49 0.43

4mM (6) 200 184 167

o (erg/em?d) | 0.18 0.13 0.10

2/2h 0.25 0.21 0.19

Hoge/dmM_ | 0.22 0.20 017
Sample No. T-26 Temp 0°c 25°C 50°C
h{m) 09 0.9 09

w(um) 3.4 3.15 3.0

H, (0e) 105 105 100

£(um) 0.41 0.38 0.37

amm_(6) 182 185 177

o, (era/em?) | 0.11 0.10 0.09

2/2h 0.23 0.21 0.21

Ho/a7M, | 0.26 0.26 0.24

S
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Where the upper sign corresponds to the case in which the capping wall is formed outside
the bubble, thus the effective bias field is subtractive from the external bias.

The explicit appearance of ¢ in this expression and the previous one prohibits us
from calculating 47M for finite g values. The only alternative is to assign a value to
q or to make an additional measurement involving only ¢, h, IW.\IQ and q.

The additional measurement is obviously satisfied by a measurement of the field
applied to give M O for the bubble film. Since M O corresponds to a maximum intens-
ity for the first order diffraction from a stripe domain film, it seems natural to use the
spatial filtering characterization (SFC) technique (Ref 2) to optoelectronically extract
H ... To obtain variable temperature data, it will be necessary to construct a SFC
apparatus with low and high temperature capabilities. We are presently evaluating
plans for the implementation of this project. TFrom the characterization point of view,
there are several advantages to such a tool. One can easily extract w, Il AL and .\IS
from the position and field dependences of the 1st and 2nd order (li["ﬁ':lctm% waves with
quite high precision and eliminate measurement of ll().

The only quick cure for obtaining characterization data is to assign g a value and
extract Mo, We have tentatively chosen g 5 (this seems more realistic than ¢ =) and
analyz ed the data at 0, 25 and 50°C for three multilayer self-biased samples, D-27,
D-28, and T26. D-27 and D-28 are double layer films with a biasing layer at the
bottom. T-26 is a triple layer film with a biasing layer at the bottom and a planar-
magnetic layer on top.  Also given in Table 3 are ¢/2h and Heapp/4™ Mg, Happ was meas-
ured by applying a bias field so as to make equal the widths of the strip domains magne-
tized in the opposite directions (M O). This measurement is not as accurate as the M O
measurement l:)' the SFC technique. Nevertheless, the fact that H ../47Mg is slightly
smaller than ¢/2h for the two double layer fi 15 seems to support our theory that
Hepp/47Mg is the product of ¢/h and (1 - 1/q)~"~. T-26 seemingly contradicts our
theory. BDut this diserepancy may be attributed to a possible bias effect from the
planar-magnetic layer and/or incorrect material parameter values which were obtained
without taking account of the effect of the planar-magnetic layer.

Processing steps have begun to fabricate 20K bit devices on the above three
samples.

20

-
.




|

SECTION V

HIGH DENSITY CHIP DESIGN

The basic hybrid chip organization has heen described in a recent paper (Ref 13
and the composite chip concept is summarized in a sccond paper. (Ref 14).

To reduce these concepts to practice, there are several design aspects to he
evaluated first. These include the interface element, [/0O expansion circuit, decoder
and transfer switches, and on-chip correction scheme. These are separately deseribed
in the following:

5.1 INTERFACE ELEMENT DESIGN

The key element for the large capacity chip through mask composition relies on
the interface element between adjacent patterns. The amount of tolerable geometry
distortion in these patterns determines the minimum circuit period that can be allowed
under certain mask composition accuracy. The effect of geometry distortion will be
studied hy test circuits with controlled distortion. An example is shown in Figure 9.

It consists of a number of straight propagation paths. Fach path is 20 periods long
and connected to the adjacent path through interface elements. By controlling the
relative placement of these puaths the geometry distortion due to mask composition
misalignment can be simulated and thus can be evaluated through propagation margin
measurement.

The circuit shown in Figure 9 consists of 16 pm period C elements. The simu-
lated misalignment is 2 um in both X and Y axis. Visual observation of propagation
on these circuits shows that bubbles can tolerate this type of geometry distortion with
little margin degradation. A quantitative measurement will be made later.

Several new test patterns are being designed including the asymmetric half disk
circuit design. The circuit will be in a closed loop form instead of a straight line so
that the propagation margin data can be taken more accurately than that for a straight
path.

5.2 1I/0 EXPANSION CIRCUIT

As the circuit period is scaled down it was found that the control currents approxi-
mately remain the same. Thus for small bubble circuits the current density in the
control elements becomes the major limiting factor, To ease this restriction, it is
proposed to expand the circuit period in the 1/0 section.

It was observed in the replicating tvpe generator that the seed bubble can travel
around the periphery of a disk or square element at much higher speeds than through
a T-bar type propagation circuit. Thus, it is possible to propagate bubbles on circuits
with periods much greater than the nominal criterion of four times of the bubble
diameter provided the potential well under the circuit travels smoothly with the inplane
rotating field as in the case of the circular disk or an equivalent pattern. This criterion
can be met with the present C circuit or half disk circuit design where bubbles are
essentially propagating along @ smooth permalloy boundary. A test circuit is being
designed to evaluate this concept.
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5.3 DECODER AND TRANSFER SWITCH DESIGNS

A series of retarding type decoder switches are being designed.  The design
goal is to establish a low power retarding switch which may operate with the same
operating margin as the propagation circuit. The basic design uses a straight con-
ductor line crossover of the propagation element. \When a current pulse is passing
through the conductor, it may generate either an attractive pulse or a repulsive pulse
which will hold the bubble from propagating forward, thus retarding the propagation hy
one cycele. The propagation element used is the same as in the normal path and the
variation parameter is the conductor width and placement.

Besides the retarding switeh, the possibility of using a transfer switch between
two parallel paths as a decoder switch will also be explored. This tvpe of switch
is intrinsically more difficult to design thanthe retarding type switch., It does not however
require a time slot for the retarded bubble, thus it requires less space and less
decoding delay than the retarding type decoder.

9.4 ON-CHIP CORRECTION SCHEMES

To achieve a reasonable yield for the large capacity chip it is essential to have
fault tolerant capability in the storage organization. Because of the large block
capacity in the present design it is unlikely that it will be possible to adopt the same
off-chip correction approach proposed in multiple storage loop major-minor type
organization. Thereforve, different on-chip correction schemes have 1o he developed.
The simplest approach involves a physical correction on the perm:lloyv propagation
path. The basic concept is as follows: a chevron propagation path is expanded
vertically and splits into two different paths. Dy selectively etching one of the paths
away the bubble is forced to propagate through the remaining path.  The reason for
using a multiple chevron design is its tolerance to minor gcometry imperfections.
Thus, a certain misalignment is allowed during the selective etching process.  The
other advantage of using this type of structure is that it can be used as a lias con-
trollable passive replicator. At low bias field, the bubbles are fully stretched in this
circuit and can be replicated into two for each propagation path. towever, when the
bias field is high, bubbles will not be fully stretched and will shrink to the top edge
of the chevron track and only propagate along one path. Therefore, there are two
propagation states, replicate and non-replicate, in this cireuit arrvangement, and
they can be controlled through bias pulsing. This propagation characteristic can be
used for wafer level testing in selecting the defect free propagation paths.
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SECTION VI

SYSTEM CONCEPTS STUDY

As of this time only certain preliminary and general system considerations have
heen evaluated. Some system aspecets such as the chip to electronics interface are of
immediate interest because the chip design and organization is constrained by the
number of components, the power, ete. of the system. Therefore, most of the
systems analysis support for this program will be directed towards projecting con-
ceptual chip organization and parameters to a 1012 1y emory by analytical and graphical
methods.

Tradeoff studies have been started to determine the optimum chip organizations
that would result in the best system design with respect to number of components,
modular arrangements and physical construction. Svstem parameters to be studied
are:

1. Chip organizations

2. System module size
3. Multiple signal bus arrangements
I, Tault tolerant loop selection

5. Controller requirements

6. System data rates

-1

System poewer
S. System physical size, weight, ete.

The basic system model is shown in Figure 10 and consists of a controller and
a number of memory module units. Each module unit must be self-contained and be
operated using a signal and control bus system. A graph was made showing the number
of chips and modules required for a 1012 system using chips with a 1.6 x 105 bit
capacity.

In order to obtain the system data rate of 50 MIlz a number of chips in parallel
must be processed. Tigure 11 shows this number as a function of the basic field
rotational rate and the number of detector outputs from a chip.

The full results of the system conceptual study will be presented in the next
interim report. (see also Ref 15)
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SECTION VII

SUMMARY

Encouraging small bubble material properties have been obtained with an
YSmTmGalG composition. Film samples have been submitted for device evaluation
at both 8 um and 4 um periods. A Ge-substituted variation of this composition is
being formulated to extend the temperature range of operation.

A more rigorous analysis of self-biased structures has been carried out. The
results provide better insight into the criteria that the material parameters and device
structures must satisfy for stable variable temperature operation. Preliminary
material and device processing studies have been initiated on self-biased structures.
The design of components to test the hybrid chip and wafer level integration concepts
is proceeding. A test chip has been submitted to CAD (computer aided design).

The system concepts study is at an early stage but will be completed in the
interval of the next interim report.

In general the program is proceeding on schedule and according to plan.
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